The influence of oxidation on the mechanical properties of nanostructured metals is rarely explored and remains poorly understood. To address this knowledge gap, in this work, we systematically investigate the mechanical properties and changes in the metallic iron (Fe) nanowires (NWs) under various atmospheric conditions of ambient dry O 2 and in a vacuum. More specifically, we focus on the effect of oxide shell layer thickness over Fe NW surfaces at room temperature. We use molecular dynamics (MD) simulations with the variable charge ReaxFF force field potential model that dynamically handles charge variation among atoms as well as breaking and forming of the chemical bonds associated with the oxidation reaction. The ReaxFF potential model allows us to study large length scale mechanical atomistic deformation processes under the tensile strain deformation process, coupled with quantum mechanically accurate descriptions of chemical reactions. To study the influence of an oxide layer, three oxide shell layer thicknesses of $4.81 Å , $5.33 Å , and $6.57 Å are formed on the pure Fe NW free surfaces. It is observed that the increase in the oxide layer thickness on the Fe NW surface reduces both the yield stress and the critical strain. We further note that the tensile mechanical deformation behaviors of Fe NWs are dependent on the presence of surface oxidation, which lowers the onset of plastic deformation. Our MD simulations show that twinning is of significant importance in the mechanical behavior of the pure and oxide-coated Fe NWs; however, twin nucleation occurs at a lower strain level when Fe NWs are coated with thicker oxide layers. The increase in the oxide shell layer thickness also reduces the external stress required to initiate plastic deformation. Published by AIP Publishing.
I. INTRODUCTION
Owing to their unique physical, chemical, and mechanical properties, the chemically reactive iron element 1, 2 and its oxide nanostructure compounds are widely used as most promising materials for diverse nanoscale technological applications, such as heterogeneous photo catalysts/catalysis, 3, 4 magnetic recording media, [5] [6] [7] hydrogen storage, 4 field emission devices, 8 water splitting, 8, 9 chemical, gas, and bio sensors, 6 ,10-12 permanent magnets, 6 biomedical applications, 5, 13, 14 and solar cells. 9, 11 In ambient environment conditions, even at room temperature, spontaneous oxidations of metallic Fe nanowires (NWs) exhibit rather complex phenomena when in contact with oxidizing agents, such as oxygen and/or water. 1, 2 Thus, the segregation and reconstruction processes at the free NW surface resulting from chemisorption of oxygen increase the surface-to-volume ratio, which is substantial at the nanometer scale, allowing a thin oxide surface layer with multiple phases to be formed. 15 While iron oxides with many phases are commonly found in nature, of particular interest here are w€ ustite (FeO), magnetite (Fe 3 O 4 ), and hematite (a-Fe 2 O 3 ). 1, 2, [15] [16] [17] Surface oxide effects become particularly significant at the nanometer scale, where even subtle variations in the oxide layer thickness and shape have major effects on their physical, chemical, and mechanical properties as well as their functionalities and performances for numerous applications, magnetic applications in particular. 7 Recently, coating and synthesis of metallic Fe NWs with oxidizing agents have been attempted by many researchers in order to functionalize them or improve their wear and corrosion resistance for practical applications. 17 In the past decade, several advanced experimental growth techniques have been proposed, such as vapor-solid growth, 18 micro emulsion, 10 thermal oxidation, 12, 19 and chemical vapor deposition, 8 and have been successfully applied for the synthesis of Fe-Fe x O y nano composite materials. The required well-defined structure, a uniform density, a prescribed diameter, and a morphology with unique size and shape of the Fe x O y shell layer around Fe NWs, which directly play a decisive role in the performance of Fe-Fe x O y composite materials, are difficult to control accurately. 7, 12 Therefore, to obtain an atomic-level a)
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comprehensive understanding of factors influencing the design and characteristics of the Fe-Fe x O y interfaces, oxidation of metallic Fe and the resulting oxide structure have been extensively studied theoretically for various experimental conditions. 1,2,13,14 Oxidation of Fe single-crystal surfaces with three different orientations, along with the developed oxide microstructure on the free reactive surface, was studied by Subbaraman and colleagues as a function of temperature and O 2 molecules' pressure. 1 Their results reveal that the kinetics of oxidation and the growth rate of the oxide layer follow a logarithmic time dependence and are also affected by the surface orientations, temperature, and pressure, with thicknesses ranging from 1 to 2 nm. Jeon et al. investigated the oxidation of nano crystalline Fe (100), (110), and (111) surface orientations using the ReaxFF for various temperatures with or without an external electric field. 2 These authors have shown that the chemical composition of the oxide films formed at the free surface depends strongly on the applied external field.
In extant research, mechanical deformation and surface oxidation mechanisms of Fe NWs are typically studied separately. However, it is widely accepted that the surface oxide layer has a significant effect on the mechanical behaviors of metallic NWs. 20, 21 In particular, it remains difficult to quantify the effect of the oxide independently from the tensile mechanical deformation behavior and the Fe NW properties. More recently, both experimental and theoretical investigations specifically indicated that the oxide-coated NWs exhibit different mechanical properties than their pure (unoxidized) counterparts. For example, oxide-coated tungsten NWs exhibit increased Young's modulus, 22 whereas it decreases in oxide-covered silicon 23 and copper NWs. 24 Sen et al. have also studied oxide shell layer dependent deformation mechanisms of metallic aluminum NWs by using the ReaxFF model. 21, 22 The authors observed that the oxide amorphous shell layer on the Al NW free surface enhances dislocation processes, as well as the Al core's dislocation nucleation stress. Most importantly, the presence of native amorphous oxide shell layers on Al NWs was shown to play a significant role in the change in the elastic mechanical response from brittle to ductile transition behavior. In their recent work, Landau et al. presented mechanical behavior, deformation mechanism, and mechanical properties of the as-fabricated and helium-implanted single crystalline iron nano pillars through both tensile and compression experimental tests. 25 The authors reported that, during a compressive deformation, both the as-fabricated and heliumimplanted samples display three distinct regimes: elastic loading, substantial strain hardening, and a "steady state" region. The authors also revealed that the presence of helium in the Fe nano pillars introduced significant changes to the intrinsic mechanical properties of Fe NWs. For example, yield and ultimate strength, as well as flow stress, significantly increase for helium-implanted samples compared to the as-fabricated ones. In a recent comprehensive molecular dynamics (MD) study by Sainath et al., the mechanical deformation properties and related atomistic mechanisms of metallic Fe nanowires were investigated as a function of various experimental conditions by using embedded-atom method (EAM) interatomic potentials. 6, 26, 27 In their first study, 26 the authors indicated that the deformation mode was dependent on the loading direction for h110i/{111}-orientated metallic Fe NWs. Mainly, two different deformation mechanisms were observed: twinning in tension and full dislocation slip in compressive loading. In their subsequent work, 6 the authors studied the effect of the size-dependent tensile deformation mechanism for the h100i/{100}-orientated Fe NWs with the cross section wide in the range of 11.42-24.27 nm. They reported that these NWs were deformed by the dislocation slip mechanism irrespective of the nanowire size. Finally, 27 the same research group investigated the effect of Fe NW orientation on the mechanical deformation mechanisms with various initial orientations. The authors noted that the plastic deformation mechanism by twinning on the h111i/{112} slip system was exhibited for h100i, h112i, and h102i initial orientations only, whereas deformation observed in h110i and h111i-oriented NWs was markedly different from that noted in crystal structures with other orientations, which exhibited a dislocation slip plastic mode. Hepburn and Ackland developed an EAM potential for Fe to investigate the dislocation-related properties and phenomena, to simulate the tension-compression asymmetry in nano pillars of bcc Fe. 28, 29 They showed that twinning occurs through the creation and expansion of twin boundaries for the h100i/{110}-orientated body center cubic (bcc) Fe NWs. The major deformation mechanism in the compressive case was the dislocation slip, observed during the plastic deformation process, suggesting that compressive and tension conditions are characterized by different plastic deformation mechanisms. 29 The uniaxial deformation mechanisms of cylindrical [001]-oriented Fe and FeCr NWs were studied by using both EAM and Tersoff-like bond order potentials. 30 Both potentials reveal that twinning is the preferred plastic deformation mechanism over full slip before necking. The results obtained suggest that, when the NWs are subjected to strain, deformation twinning initially occurs as h111i/{211] stacking fault and, as a result, the initial axial direction [100] of NWs transforms into a [011]-oriented wire over the twin boundary. According to Li et al., Mo, W, and Fe bcc NWs deform super elastically, where the h111i/{112} dislocation slip is primarily responsible for the twinning/ detwinning mechanism that involves minimization of surface energy and twin boundary motion. 31 Moreover, to provide a more detailed description of twin formation, in contrast to the metallic face center cubic (fcc) NWs, the authors noted that the bcc metallic NWs have a higher energy barrier for the nucleation of a twin but a lower barrier for twin formation and migration. Twinning has been reported in many simulations of Fe NWs. Nonetheless, the twinning deformation in bcc metallic NWs is believed to occur experimentally at low temperatures or/and at high-strain rates. 25 However, more recently, using high-resolution transmission electron microscopy, deformation twinning has been observed experimentally for bcc tungsten NWs. 32 In spite of their importance, oxide shell layer thickness-related size effects for metallic NWs deformed by tensile force remain elusive and no systematic connection has been established to the native oxide layer effects on the mechanical deformation mechanism and properties of Fe NWs. For this reason, the correlations and effects of the oxide layer on the mechanical deformation performance must be investigated systematically to obtain a comprehensive understanding of the complex mechanical deformation processes occurring in Fe NWs as a function of the oxide shell layer thickness, as well as to determine the elastic mechanical properties of Fe NWs with and without surface oxide defect under tensile loading.
In this paper, the tensile deformation process and related material properties of Fe NWs with and without the oxide shell layer are presented and the findings compared to experimental and theoretical data. We have carried out MD simulation using the ReaxFF potential model proposed by Aryanpour et al. 33 The remainder of the paper is organized as follows: In Section II, the effective reactive interaction potential model is described, while the detailed description of the simulation method and the computational schedule is given in Section III. The role of oxidation in the tensile mechanical deformation process and the effect of oxide shell layers on stress-strain behavior are discussed in Section IV. Moreover, the kinetic properties of oxidation and the microstructure of the oxide shell layer are analyzed by using pair correlation functions, coordination numbers, and bond angle distributions, and the elastic mechanical properties are also studied. Conclusions and final remarks are given in Section V.
II. COMPUTATIONAL APPROACH AND METHODS
Variable charge methods allow studying oxidation of metals, [34] [35] [36] metal alloys, 37 dissimilar metal/metal oxide interfaces, 37 combustion chemistry, 34 etc. For example, one of the variable-charge potential schemes was proposed by Streitz and Mintmire to treat the atomic charges as dynamic variables and was successfully applied to explore the oxidation mechanism of metallic Al nano systems as a function of temperature, oxygen pressure, and orientation of the aluminum substrate. [33] [34] [35] [36] 38 Our MD simulations were carried out using the variable-charge scheme, known as the ReaxFF model, which can simulate the temporal evolution of atomic charges resulting from changes in the local environment with significantly lower amount of computational cost than is required when the quantum-based computational methods are employed. 39 The most important feature of using the ReaxFF model to describe both covalent and (partially) ionic bonds, as well as the entire range of intermediate interactions, is that it can accurately describe mechanically induced chemical reactions by mechanical stretching, which is characterized by bond straightening, bond breakage, bond formation, inner atomic distortion, and rupture for pure and oxidized Fe NW systems. 39 The ReaxFF potential, using a classical MD simulation method, is implemented in a parallel version of LAMMPS 40 that can be employed for systematic and detailed studies of complex intrinsic defect nucleation mechanisms and deformation processes occurring in Fe NWs with correlation of surface oxide. This ReaxFF model was successfully applied to study a wide range of oxides, such as Si, 41 Ni, 42 Ti, 43 Pt, 44 and Al oxides. 2 Electrostatic potential energy is the function of the position vector of atoms as well as ionic charges; therefore, the chargedependent electrostatic force acts on the atoms, forcing them to exchange their respective valence charges. 45 The ReaxFF variable-charge approach dynamically determines atomic charges {q i j i ¼ 1, …, N} at each MD step by applying an electronegativity equalization method in order to minimize the electrostatic and polarization potential energy, with the charge-neutrality constraint, R i q i ¼ 0. 45 
III. SYSTEM SETUP FOR MECHANICANOCHEMICAL DEFORMATION SIMULATIONS
The initial configuration for the pure and oxide-coated cylindrical Fe NWs is schematically shown in Figs. 1(a) and 1(b) and Figs. 1(f) and 1(g), where blue and red colors represent O and Fe atoms, respectively. The Fe lattice has a bcc structure, with a lattice constant a ¼ 2.86 Å . An initially pure solid cylindrical Fe NW is comprised of 24 050 iron atoms with a 5.0 nm diameter and a lateral size of 14.3 nm length in the z direction, where the lateral direction corresponds to the tensile direction. The diameter-to-length aspect ratio of the pure Fe NW is $1:3. The pure Fe NW was placed in the middle of an MD box oriented in the [001] direction, before being exposed to molecular oxygen. More specifically, 2000 O 2 molecules in the dry gas phase were placed randomly into the region above the cylindrical Fe NW surface. To create the three different oxide shell layer thicknesses on the free Fe NW surface, all oxygen molecules were totally removed from the gas environment when an corresponding oxide shell layer thickness forms $4.81 Å , $5.33 Å , and $6.57 Å , in order to prevent further oxidation of Fe NW so as to keep the oxide layer thickness constant. The oxidation simulation with applying periodic boundary condition all direction was performed in the canonical ensemble (NVT), whereby heat bath was applied to all atoms, which was kept at a constant temperature of T ¼ 300 K during using NoseHoover thermostat chain. 46 This approach prevented the ejection of Fe atoms from the surface. Consequently, they exhibited a typical coreÀshell (FeÀFe x O y ) structure, as illustrated in Figs. 1(f) and 1(g). The ratio of the number of Fe atoms to that of O atoms would affect the overall oxide thickness, surface morphology, and microstructures at each Fe NW surface. Series of snapshots are presented in Figs. 1(c)-1(f) to illustrate the oxidation process, and a view of the resulting oxide Fe NW geometry with rough surface is shown from different perspectives in Figs. 1(f) and 1(g). After oxidation simulation, periodic boundary conditions are just applied in the axial direction (tensile loading direction) to eliminate surface effects, with free boundary conditions along the other axes.
For preparation of mechanical testing, starting from the initial construction of all Fe NW configurations, energy minimization was first performed for all NWs by using conjugate gradient methods. During relaxation processes, all NWs were relaxed and equilibrated with a Nose/Hoover isobaricisothermal (NPT) at a constant temperature of T ¼ 300 K, to allow structural relaxation to remove surface tension upon construction and internal stresses. 47 On the other hand, all mechanical tensile MD simulations were performed in the NVT ensemble at a constant temperature of T ¼ 300 K using a Nose-Hoover thermostat. The velocity-Verlet algorithm was employed to integrate the equation of motion with a time step of 0.5 fs during all calculations. 48 Atomic charges were determined at every MD time step in order to minimize the electrostatic potential energy, 39 which were very time consuming. The total simulation time for the tensile test was 1.5 ns.
In deformation simulations, the uniaxial constant strain rate of 0.01% ps À1 (10 8 s
À1
) was repeatedly applied to all NWs by uniformly scaling their atomic coordinates along the [001] orientation in a stepwise manner until 16% of the initial box length was achieved. The applied strain rate was 8-12 orders of magnitude greater than the corresponding experimental value, confirming the need for further refinement of MD simulations employed in studies of mechanical deformations of nano crystalline materials. The Virial theorem was used to obtain the stress-strain curve by averaging over all atomic stresses, 48 before being corrected with the true volume of each individual Fe NW to obtain the corresponding engineering stress-strain curves.
IV. RESULTS AND DISCUSSION

A. Dynamic of oxide growth processes
The simulation was run until 2870 oxygen atoms were consumed in the simulation of 3.35 ns duration. As a result, , which provide a physical picture of the reactivity of oxygen molecules on the Fe NW free surface and the oxidation growth rate as a function of simulation time, which can be strongly correlated with the number of consumed O and Fe atoms. Our simulation results reveal the existence of two successive oxidation stages: an initial rapid oxidation and a subsequent slow oxide growth. The latter stage has been typically characterized by a logarithmic growth law and was shown to be consistent with the CabreraÀMott theory at low temperatures. 1, 2 Initially, oxygen molecules are strongly attracted by the Fe NW free surface, whereby O-O bonds are readily broken. Subsequently, they are decomposed into oxygen ions at the metallic Fe NW surface to form strong chemical bonds through complex chemical reactions, since Fe possesses great oxygen affinity. Oxygen ions instantaneously recombine with Fe atoms at the Fe NW free surface through electron transfer by maintaining overall charge neutrality in the simulated system based on the charge equilibration scheme. 45 Consequently, outward diffusion of Fe atoms through the developing oxide film and inward diffusion of O in the opposite direction are accompanied by transfer of electrons in the growing oxide layer. As a result of the formation of the bond between Fe and O atoms, the absolute averages of the valence charges increase from 0 to $0.59 e for O atoms and $0.25 e for Fe atoms in the developing oxide shell layer. The thickening of the oxide shell layer by inward diffusion of oxygen and outward diffusion of iron can be visualized and confirmed directly from Fig. 3 , which provides detailed information on the kinetics of Fe NW oxidation, the total thickness of the oxide, the inner and outer extent, and the ratio of outward diffusion of iron to inward diffusion of oxygen as a function of time. In the initial stages of oxidation, substantial supply of oxygen atoms is required; however, the oxygen consumption rate gradually declines with increasing simulation time.
2 At 3.35 ns, $54.27% of the oxide growth ($3.57 Å ) can be attributed to the inward diffusion of O atoms, while $45.78% of the growth ($3.00 Å ) is due to the outward diffusion of Fe atoms. This total movement of Fe and O atoms leads to the formation of the oxide layer of $6.57 Å thickness at 3.35 ns by expansion of the Fe core. Outward and inner diffusion of atoms control the overall oxidation growth rate. The outward movement of Fe is believed to correlate with the formation of w€ ustite and magnetite structures, whereas inward diffusion of O atoms forms the hematite local structure on the free surface. 49 Consequently, after the oxidation process is completed, the average diameter of the pure Fe NW significantly increases, from r ¼ 25.00 Å to r ¼ 28.00 Å , which has a great impact on the nanowire roughness and internal structure. The oxide shell layer on the Fe crystalline NW material surface produces large interfacial regions per unit volume and radial length, as expected. Moreover, oxidation of Fe NWs gives rise to modifications in the size, reflected in $12% radial expansion and $25.4% volume expansion, resulting in $3.42% weight increment from the initial value characterizing the pure Fe NW. More than $34% of Fe and O atoms are associated with 6.57 Å thick oxide shell layer at the interfacial boundary. In order to study the distribution of iron and oxygen atoms, we also calculated the average atomic mass density of the oxide shell layer as q ¼ 4.63 g/cm 3 in the region between the inner radial distance (r) of 21.43 Å and the outer radial distance of 28.00 Å in the oxide shell layer. The average atomic mass density for the core Fe NW on the radial sections starting from the NW center consisting only of 17 661 Fe atoms was calculated as q ¼ 8.04 g/cm 3 , which is in good agreement with the iron bulk density of 7.874 g/ cm 3 . Thus, the oxide surface formation, including some islands on the free surface and voids in the oxide shell layer, results in a lower mass density in the oxide shell layer.
The surface defects created by oxidation are normally accompanied by volume expansion. Consequently, the 3 . The inner and outer oxide extent in the radial direction. In the process of Fe NW oxidation, the growth of the oxide layer is governed by the radial diffusion of both iron and oxygen atoms. Fe ions migrate outward, penetrating through the oxide scale, from the metal to the oxide layer surface. On the other hand, the oxygen ions migrate in the opposite direction.
broken symmetry on the free surface exhibits drastic changes in comparison to the initial surface structure characteristics, including bonding types, surface roughness, shape, and diameter size.
1,2 These structural changes in the Fe NWs due to progressive oxidation are particularly pronounced at the nanometer scale and have a great impact on the mechanical deformation mechanisms and related properties of core-shell NWs. In the present work, oxidation of Fe NWs in a molecular oxidizing environment leads to the formation of an oxide shell layer, in which the distribution of oxygen atoms is irregular along the entire NW length. More specifically, rapid outward diffusion of Fe and inward diffusion of O ions result in the formation of voids in the oxide shell layer. It is seen that the resultant rough oxide free surface with some oxide islands and small voids in the oxide shell layer changes the stoichiometry and local structure of the oxide shell layer. Therefore, the oxide shell layer generated on the free surface of metallic Fe NWs increases the Fe NW surface-to-volume ratio and causes surface defects during the oxidation process. These surface defects become more sensitive at all stresses below the ideal strength, 50 which may help in overcoming the barrier for the onset of plastic deformation. According to Zhu et al., the size effect on the nucleation stress, for example, with a subtle variation in the wire geometry, directly changes the number of equivalent surface nucleation sites. 51 Indeed, their mechanical deformation performance and related properties are expected to be different from those of their un-oxidized counterparts due to the defective structure of the oxide shell layer, which may act as the initiator for the early breaking of the oxide Fe NWs. To illustrate the effect of the oxide shell structure on the mechanical deformation mechanism, Sen et al. conducted an MD simulation for the Al NWs covered with crystalline and amorphous Al oxide shell layers. In this investigation, mechanical deformation behavior, as well as dynamics, was shown to be related to the structural type of the oxide shell layer. 20 
B. Local structure characterization of the oxide shell layer
In many scientific fields, there is a great demand for determining internal atomistic structural features of Fe oxide thin films. However, to date, this has not been successfully achieved, probably due to their complex structure as well as the presence of multiple coexisting phases. 1, 2 We have studied the order of the short-range structural correlations in the final oxide shell layer using the partial radial distribution function (RDF), coordination numbers, and bond-angle distributions. The oxide shell layer formed on the pure Fe NW has unique structural properties, including density, bond structure, and stoichiometry, which are strongly dependent on the depth.
1,2 The developed oxide shell layer comprises 6389 Fe and 2783 O atoms in the short-range order by forming the stoichiometry of the oxide Fe x O y layer with y/x ffi 0.43 (x/y ffi 2.29). Subbaraman et al. showed the depth dependence of the structural characteristics and the stoichiometry of O/Fe atom numbers, revealing that they are strongly correlated with the oxygen pressure and crystal orientation. 1 For example, in the (110) crystal orientated oxide metallic Fe at high pressure, O/Fe stoichiometry in the oxide region varies from $1.4 at the oxide-gas interface to $0.6 in the oxide interior. Based on the RDF, the first peaks in the Fe-O pair split into two peaks, centered at $1.6 and $2.05 Å , respectively. The results are clearly shown in Fig.  4 . The first peak is also slightly sharper and has the same amplitude compared with the second peak. The FeÀFe bond length is located at 2.6 Å and the OÀO partial RDF has a sharp peak located with maximum amplitude located at 1.35 Å . The peak presumably corresponds to the distances between the oxygen atoms from the un-dissolved oxygen molecules at the oxide shell layer, even though most of the O atoms are segregated out from the oxygen molecules. The second intense peak for the OÀO pair occurs at 3.2 Å . Jeon et al. studied the pair distributions of FeÀO as a reference for three different Fe oxide states-w€ ustite, magnetite, and hematite-at low and high temperatures, aiming to compare their developed oxidized layers. 2 Among these oxides, hematite is the most common form for developing iron oxide layers. For low temperature conditions, the Fe-O bond length is dominant, and its peak is located at around 1.65 Å for w€ ustite. On the other hand, for magnetite, the main peak is estimated at 2.0 Å , but a slight transition is observed at 1.6 Å . Hematite shows a distinct transition at 2.15 Å , while the main peak is located at 1.7 Å . The average Fe-O bond length in the oxide structure results in a dominant peak at 1.5-1.6 Å , which is a slightly shorter distance than that reported for the reference oxides studied. Subbaraman et al. have also shown similar structural features for w€ ustite, magnetite, and hematite oxides.
1 Their radial distribution function of the Fe-O for the reference Fe oxide structures shows that there is one peak $1.65 Å for w€ ustite and $1.8 Å for the magnetite structure. Hematite shows a distinct peak at $1.7 Å and a prominent shoulder at $2.1 Å . Possibly, our result for the bond length of Fe-O peaks at $1.6 Å and $2.05 Å is an indication of formation of both w€ ustite and hematite structures. In addition, the average FeÀO bond length exhibits a peak around 1.8 Å for all the surface oxides studied. Those results show distinct differences among the tested iron oxide states. In our calculation, the bond length of FeÀO (1.6 Å ) is in close agreement with those of the Jeon simulation results for the developed oxide, w€ ustite, and magnetite structures. On the other hand, the second FeÀO structure peak (2.05 Å ) is located at a slightly shorter distance of 2.15 Å than that for the distinct transition of the hematite structure, reflecting the coexistence of various bonds. Still, the FeÀO bond length in amorphous hematite is characterized by 1.91 Å . 52 In the experimental structural studies of the iron oxide shells using nano-Raman spectroscopy, the structural data revealed that magnetite is the major constituent.
14 The longer bond length of the Fe-O pair ($2.05 Å ) is almost the same as 2.008 Å for the surface parts of sodium dodecyl benzene sulphonate (DBS) coated hematite nanoparticles and bulk materials. 53 However, there are some difficulties when studying the iron oxide film. For example, in the XPS study, the iron-oxide film is very vulnerable to external stimulation and easily changes its phase.
The pair distribution function of the Fe-Fe atoms in the core region before the applied tensile test as well as before the onset of the plastic deformation is shown in Fig. 5 . Prior to the applied tensile test, radial distribution functions of the system (Fig. 5) show that there are two peaks for the pair FeÀFe at 2.45 Å and 2.85 Å in the core region. On the other hand, the first and second peaks in RDF for the bond length of Fe-Fe occur at 2.5 Å and 2.75 Å before the onset of the plastic deformation. Moreover, the second peak splits into two peaks. With respect to Fe-Fe pair interactions, Jeon et al. observed two similar peaks at 2.45 and 2.80 Å for the Fe(100) oriented surface at 900 K.
Integration PDF of the FeÀO pairs up to 2.4 Å yields a total mean coordination number of 1.55. The average distribution of oxygen atoms around the iron atoms is characterized by the following frequencies: Z FeO ¼ 1 (39%), Z FeO2 ¼ 2 (29%), Z FeO3 ¼ 3 (23%), and Z FeO4 ¼ 4 (7%), while the remaining 1% represents the contribution to the total mean coordination number in the oxide shell region. It is noted that the local structure of the oxide shell layer is predominantly a mixture of 1-fold (FeO), 2-fold (FeO 2 ), and 3-fold (FeO 3 ) coordinated structures, whereas 1-fold FeO is the dominant structure in the oxide shell layer. However, a 5-fold coordinated iron atom with O atoms is rarely found in the oxide shell. On the total main coordination number, Fe atoms were coordinated to 1.55 O atoms and O atoms to 3.6 Fe atoms, consistent with the O/Fe ration of 0.43. In addition, immediately prior to the onset of plastic deformation, we calculated the mean coordination number of FeÀO, which was slightly reduced from 1.55 to 1.53. Nonetheless, very little change occurred in the frequencies, i.e., Z FeO ¼ 1 (38%), Z FeO2 ¼ 2 (30%), Z FeO3 ¼ 3 (25%), and Z FeO4 ¼ 4 (5%), with the rest contributing to the remaining 2%.
The Fe-O-Fe bond angle distribution has a broad peak at around 100
. On the other hand, the O-Fe-O bond angle distribution has a peak at 87 and 120 , whereas the oxide shell layer structure is strongly dependent on the depth of the oxidation shell layer as well as temperature. 1, 2 This means that two peaks of O-Fe-O angle distribution indicated a distorted octahedral network structure in the system. 52 It is well-known that for an ideal octahedron, the O-Fe-O angle is equal to 94 , and for an ideal tetrahedron, it is equal to 109. 47 . This means that two peaks of O-Fe-O angle distribution indicated a distorted octahedral network structure in the system. 52 In a recent experimental study, the authors reported that oxidation with oxygen molecules of metallic Fe leads to the formation of oxide layers in a sequential order, resulting in a mixture of two or three types of Fe oxides, namely, hematite, magnetite, and w€ ustite structures at temperatures above 570 C. 50 The hematite and w€ ustite layers occupy the outermost region and the innermost region, respectively, whereas the magnetite layer was observed in between these layers. 19 
C. Effect of oxide shell layers on stress-strain behavior with plastic properties
Engineering of a stress-strain behavior with and without the existence of a native oxide layers in the [001] direction revealed a distinct feature, which is characterized by three stages, namely, linear elasticity, nonlinear elasticity, and plasticity deformation stages, as shown in Fig. 6 . In a recent experimental study, Landau et al. reported qualitatively similar three stages in the stress-strain curves for Fe NWs, in which the stress-strain curve for the as-fabricated and implanted nano Fe pillars is characterized by elastic loading as Stage I, substantial strain hardening as Stage II, and steady state discrete plasticity where the average flow stress remains unchanged as Stage III. 25 Consequently, all simulated Fe NWs exhibit similar stress-strain behavior to those obtained experimentally for bcc Fe nano pillars.
The stress-strain curves of the pure Fe NW in Stage I show a linear increase up to a yield strain of 6.0%, whereas this deformation is limited to 3.5%À5.0% for oxide-coated Fe NWs. In Stage II, the strain values are between 6.0% and 10.4%, and the stress-strain curves exhibit obvious nonlinear character, reaching the maximum stress value just prior to the nucleation of a partial dislocation, as shown in Fig. 6 . Further increases in the strain beyond the maximum critical stress level of 8.7 GPa at 10.4% strain lead to an abrupt decline in the stress profile down to 0.0 GPa, which indicates the onset of plastic deformation. Immediately after that, the flow stress rapidly increases toward the steady-state level of $1.82 GPa through a twinning deformation, referred to as Stage III, described in more detail below. The linear yield and maximum critical stresses for the pure Fe NW are estimated at 6.82 GPa at 6.0% linear strain and 8.7 GPa at 10.4% critical strain, respectively. The same tendency is also observed for the oxide-coated Fe NWs; however, the native oxide layer around the Fe NWs is associated with significant reductions in the NW strength, and thus its potential for lowering the onset of plastic deformation with increasing oxide layer thickness. Stage I of oxide-coated NWs is linearly correlated with strain values up to $3.5%, $4.0%, and $5.0%, which correspond to the yielding linear stress at approximately 3.90 GPa, 4.20 GPa, and 5.42 GPa for $6.57 Å , $5.33 Å , and $4.81 Å oxide shell layer thicknesses, respectively. Stage II, stress values gradually increase from 3.90 GPa at $3.5% of linear strain to 5.42 GPa at $5.0%. A maximum critical tensile strength also increases from 5.7 GPa at $8.55% of critical strain to 6.9 GPa at $9.05% for increasing oxide shell layer thicknesses. This indicates that the oxide shell layer thickness affects the mechanical properties of NWs. Once the maximum critical stresses are reached, defect formation begins. A sharp decline in stress occurs due to further loading, which causes the onset of the Stage III, with the remaining constant average flow stress at approximately $1.41-1.59 GPa for the oxide-coated NWs. Importantly, the similarity of flow stress responses for all NWs indicates that the plastic deformation mechanism in all cases must be similar. Our results are consistent with those obtained in Landau's experimental study for the pure iron nano-pillars. 25 Landau et al. distinguish the stress-strain curve into three stages, whereby Stage I denotes elastic loading up to a strain of $2%, while Stage II pertains to the maximum tensile strength at a strain of 3%-5%, and estimate the maximum critical yield stress at 1.45 GPa, and Stage III represents a steady state region where the average flow stress remain nearly constant for the as-fabricated samples. These results are well aligned with those obtained for the oxidecoated Fe NW with a 6.57 Å oxide layer thickness. There are two sets of h101i-oriented cylindrical single crystalline iron nano-pillar samples with diameter 100 nm: one is unmodified, which refers "as-fabricated" and the other is modified by implanting with helium throughout gauge sections. The difference may be due to the orientation and diameter of the as-fabricated cylindrical Fe nano-pillars and the initial defect structure. Zhang performed a tensile deformation test for the Fe nano-pillar oriented along [001] directions at a T ¼ 300 K, reporting the corresponding critical stress and strain of 3.39 GPa and 11.8%, respectively. 54 The Table I presents the elastic moduli as well as other elastic properties of Fe NWs as a function of oxide layer thickness. The Young's modulus is 114.5 GPa with a Poisson's ratio of 0.33 for the pure NW, whereas the modulus due to the coupling with the oxide layer decreases to 94.1 GPa with a Poisson's ratio of 0.42 for the oxide-coated Fe NW with the shell layer of 6.57 Å thickness. These results indicate that the oxide layers cause significant degradation in the elastic properties of the pure Fe NW, thus reducing the mechanical deformation resistance. It should be noted that the thickest oxide layer reduces the Young's modulus by about $17.8%. Adams et al. discussed the effect of temperature on the elastic constants for monocrystalline Fe over the temperature FIG. 6 . Engineering stress-strain curves for pure and oxide bcc Fe NWs at 300 K. range of 3 to 500 K by using resonant ultrasound spectroscopy. 57 At low temperatures, the Young's modulus E 100 and Poisson ratio 100 were estimated to be 131.73 GPa and À0.3679, respectively, which are in line with our results.
The local shear strain and stress distributions on the surfaces were proved to be a significant factor in controlling the dislocation nucleation. 58 The stress concentration in some regions on the free surface is much larger than the average stress inside the Fe NW. Such high stress regions will behave eventually themselves as both sources and sinks for the future nucleation of dislocations. Before the onset of the plastic deformation, the local stress concentrations on the free surface greatly increase with increasing strain until they reach a critical value. When the loading exceeds the bond strength, then 1/6{112}h111i Shockley partial dislocation simultaneously nucleates from the free surfaces of wires. 27 At this point, the local stress is relieved by emission of dislocations, which acts to reduce the overall free energy of the system; and thus the nucleation barrier for dislocation initiation becomes lower. Furthermore, beyond the maximum stress, the stress decreases abruptly despite the increasing strain, which is considered as the onset of plasticity. These processes are driven predominantly by a combination of the applied stress and local stress relaxation within the free surface. The dislocations transform into a twin nucleus, through a series of dislocation emission steps, which leads to accommodate strains that develop during plastic deformation. Thus, the nucleation of twins with twin boundary and an alteration in twinning propensity mechanisms have been predominantly connected with an alteration in stress-strain response of the all Fe NWs.
Our results demonstrate that the unique features of oxide shell layers have a direct effect on the elastic mechanical properties of the cylindrical metallic Fe NWs. Reduction in the elastic strength of the Fe NW, the Young's modulus, linear yield strain, linear yield strength, maximum critical strain, and strength of the Fe NWs are significantly sensitive to the oxide layer thickness. The oxide defect shell layer may act as a productive source of dislocations, thus reducing the onset of plastic deformations. Therefore, plastic deformation in the oxide-coated Fe NW is easily initiated as compared to the pure Fe NW. Hence, comparatively low flow stress is sufficient for all Fe NWs plastic deformations to continue in a ductile manner at the remaining average constant stress levels beyond a maximum stress through twinning. There are relatively small distinguishable differences in the attained flow stresses between the pure and oxidecoated Fe NWs. Our results are consistent with those yielded by the previous MD simulation studies of plasticity for Fe nano pillars. For example, while large stress is initially required to create the twins, the strain subsequently continues at an almost constant value as the twin boundaries expand. 28 The maximum yield strength and flow stress value of the pure Fe NWs are also consistent with those reported by Li et al., who showed that the yield stress of pure Fe NW is around $10.0 GPa. Consequently, the stress declines dramatically to a relatively low value and further loading causes an extensive plateau stage, whereby stress remains at approximately $1.9 GPa. 31 Landau also reported that flow stress beyond 5% strain fluctuates at a nearly constant stress of 1.7 GPa, which indicates that dislocation generation and annihilation occur at a comparable rate. 25 
D. The role of oxidation in the tensile deformation behavior of Fe NWs
The complete process of plastic mechanical deformation with twinning for all Fe NWs roughly occurs in three stages, denoted as nucleation, propagation, and thickening. In the present study, the Fe x O y shell layer remained fully bonded onto the Fe core and did not exhibit any cracks during the tensile loading. The onset of plasticity for the [001]-oriented pure and oxide-coated Fe NWs, promoted by specifically nucleation through a/6h111i Shockley partial dislocation on the {112} glide planes from the energetically favorable edge on the free surface of the cylindrical NW, 31 is clearly seen from the stress-strain curve shown in Figs. 7 and 8 and is associated with a sharp decline in stress from the maximum critical yield stress to 0.0 GPa. However, for the oxidecoated Fe NWs, yielding occurs at relatively lower strain and stress values compared to those of the pure NW, i.e., the defects due to the oxide shell layer thickness increase and the mechanical resistance to plastic deformation decreases. When the applied strain is increased further, the a/6h111i Shockley partial dislocation on the {112} glide plane starts to propagate laterally toward the other NW surface along the cross-sectional length, and the new partial dislocation quickly emerges from the next parallel {112}-glide plane. 31 Surprisingly, the crystallographic lattice reorientation immediately begins with the formation of these two partial dislocations. Consequently, a complete and unique abrupt structural reorientation from [001] to [110] driven defect is observed between these two partial dislocations. Moreover, nucleation of two close and identical partial dislocations is activated on the {112}-glide plane in the h111i direction without the influence of native oxide layer effects, as shown in Figs. 7 and 8 (supplementary material, Fig. 1 ). As a result of consecutive continuous motion of partial dislocations from one surface toward the opposite side on the adjacent {112} glide planes, the partial dislocations finally coincide at the opposite surface of the NWs, where they are annihilated, leaving behind a pair of stacking faults with continued tensile loading. 31 The common neighbor analysis (CNA) technique with the visualization package tool OVITO was employed to accurately identify and characterize the NW defect structure. 59 Defects associated with the local crystalline disordered atoms, distributed at the surface, dislocation core, and twin boundaries, are clearly shown in Figs. 7 and 8. In these images, all atoms were colored according to their specific local structural types and were visualized by CNA. Blue and red colors represent perfect bcc atoms and unknown atoms, respectively.
Three preferred primary dislocation slip systems in bcc iron metal are of type {110}h111i, {112}h111i, and {123}h111i; however, their activation strongly depends on the crystallographic loading axis, crystal purity, and experimental factors. 60 At the atomistic level, defect nucleation in bulk crystal materials has to overcome significant resistance to propagate across the gliding plane-a mechanism that is quantitatively predicted by the Schmid factor. The value of that associated with [001] tensile loading for bcc Fe is approximately 0.47 and 0.41 on the {112} as the primary and {110} as the secondary defect activation planes in h111i directions, respectively. 60 Our results demonstrate that the dislocation activity occurs in the most preferred {112}h111i primary slip system in both pure and oxide-coated Fe NWs, according to the dynamic process, as reported in a similar molecular dynamics simulation by Li et al. Our results are also consistent with the proposed Schmid law. 31 However, bcc materials do not obey Schmid's law in most cases. Thus, in the experimental studies of bcc Fe pillars, dislocations caused by compressive force are activated more dominantly along the slip {110} planes instead of the expected {112} planes. 60 Although partial dislocations propagate over the same {112}h111i slip system, the time required for the migration process-from the onset of the initial partial dislocation to finally reaching full straight twin boundary on the {112} glide plane-is measured at $2.0 ps and $5.3 ps for the pure and oxide-coated Fe NWs, respectively. However, comparing the cross-slip partial dislocation propagation speeds for NWs with and without the oxide shell layer, the oxide shell layer impedes the escape of initial partial dislocation, which increases as the oxide shell layer thickness decreases. These dislocation activities may contribute to the overall plastic deformation and the mechanical strength of the Fe   FIG. 7 . Perspective view of the half-slices at different stages of deformation shows initiation nucleation, evolution, and propagation of the twin for the cylindrical pure Fe NW at (a) 10.3777%, (b) 10.3805%, (c) 10.3838%, (d) 10.3843%, (e) 10.4014%, (f) 10.4566%, (g) 10.8437%, and (h) 16.0% strain. Atoms are colored according to the local crystalline structure, determined by common neighbor analysis methods (CNA). The blue spheres denote atoms with the bcc structure, whereas the red ones correspond to the unknown structure. Defects associated with the local crystalline disordered atoms are colored red, whereby more disordered atoms are distributed at the surface and at twin boundaries. The only observed deformation mechanism is twinning, which is generated at lower strain and then propagates along the nanowire length under further tensile loading.
FIG. 8.
Twinning is also the only plastic deformation mechanism for the oxide-coated NWs during tensile deformation. Perspective view of the half-slices shows defect evolution of the twinning boundaries inside the oxide cylindrical Fe NW with 6.57 Å thickness layer at (a) 8.5159%, (b) 8.5175%, (c) 8.5267%, (d) 8.5289%, (e) 8.5359%, (f) 10.5118%, (g) 12.6305%, and (h) 16.0% strain under tensile loading along the nanowire axis. The partial dislocation nucleates from the surface of the oxide Fe NW and moves along the {112}-slip plane in the h111i direction, eventually creating twinning. At low strain, twin boundaries are parallel. However, as the strain increases further, they become curved because of the activation of numerous slip planes.
NWs through a decrease in the partial dislocation slip propagation rate, thereby softening the oxide Fe NWs. The collective nature of velocity differences may be strongly related to the variation in the critical resolved shear stress (CRSS), because the maximum resolved shear stress values are significantly different from each other. The Shockley partial dislocations propagated by gliding on the {111}h112i-slip system are caused by the CRSS, which is given by s R ¼ r z *(Schmid factor), where r z is the magnitude of the maximum critical yield stress. 54 The calculated CRSS, required for the initiation of plastic deformation, is $4.1 GPa and $2.7 GPa for the pure and oxide-coated Fe NWs, respectively. The relatively higher CRSS value for the pure Fe NW relative to the oxide-coated Fe NWs provides an energetic explanation for the dislocation propagation. Due to the large differences between the CRSS values, it can be assumed that the partial Shockley dislocations move more rapidly across the {112}-glide plane in the h111i direction in the pure NW than in the oxidized NW. Therefore, the oxide shell layer has the ability to control initial motion of dislocation nucleation inside the cylindrical Fe NWs, which is a unique feature of the Fe NW plastic deformation mechanism. In terms of the initial migration speed of a partial dislocation, Sen and colleagues observed a similar phenomenon for the oxide Al NWs, which is consistent with our simulation results. 21 Sen et al. successfully applied the image forces method associated with longrange elastic interactions and surface oxide defects to explain velocity differences of partial dislocations in the Al NWs. Thus, they demonstrated that the surface amorphous oxide shell layer of Al NWs would hinder the dislocation escape velocity.
After the formation of one atomic mobile twin boundary layer, both pure and oxide-coated Fe NWs undergo plastic deformation by twinning. During this process, the twin boundary planes diverge laterally towards the nanowire ends layer by layer, through sequential activation of partial dislocations. Thus, collective movement of these dislocations as a result of increasing the applied strain leaves behind surface and lattice reorientations between the existing twin boundaries during the plastic deformation process. 31 Due to the reorientation in the region between twin boundaries, atoms rearrange their position collectively to accommodate the higher plastic strains. However, local configuration remains in the bcc structure and no structural phase transition occurs in either pure or oxide-coated Fe NWs during the plastic deformation process. The twin domain axial re-orientation due to the applied strain leads to local structural changes from the original [001] direction to the final [110] crystal orientation in the region between twin boundaries. The twins exhibit stochastic collective behaviors both laterally and transversely by closing and expanding the boundary by changing geometrical and crystallographic reorientation of the NW surface and the twin domain, both of which remain mobile during tensile loading. The straight twin boundaries initially move parallel to each other along the {112} twining planes; however, at higher strain levels, the twin boundaries exhibit shift on several crystallographic as well as noncrystallographic slip planes, as is clearly shown in Figs. 7  and 8 . The resultant change of the surface and domain geometry between the twin boundaries can be attributed to simultaneous activation and operation of numerous, but partly crystallographic and non-crystallographic slip systems for all examined Fe NWs, leading to twin boundaries with irregular curved shape, as shown in Fig. 9 .
The maximum critical stress is required to overcome the resistance to the initiation of partial dislocations, whereas comparatively low flow stress is sufficient for the twin boundary to propagate as strain increases, as clearly seen from the stress-strain curves. The surface oxide effect on the flow stress is less significant as, with increasing strain, both pure and oxide-coated Fe NWs showed no new twinning boundaries, whereby the existing ones tend to dominate the twinning plastic deformation. Figs. 7 and 8 present a detailed atomistic view of the initiation of partial dislocation, formation of pair of twin boundaries, and finally propagation of the twin boundary pair, which indicates that the nucleation and propagation of twinning are the major factor in the mechanical deformation mechanism for both pure and oxidecoated Fe NWs in the plastically deformed region. The twin formation and evolution path obtained by other potential models are consistent with our simulation results. Recent MD simulation studies have also revealed similar phenomena, suggesting that the onset of plastic deformation requires higher stress/energy to nucleate a twin partial dislocation on the adjacent {112} plane, where the twin growth is relatively easier compared to the initiation in the pure Fe NW systems. 31 Moreover, in our study, the observed plastic deformation mechanism in terms of initiation, propagation of the initial dislocation, formation of full stacking faults, and finally twin formation is also consistent with the MD studies of pure Fe NWs conducted by Li et It is generally assumed that defects, including surface oxide defects, decrease the required activation energy for the onset of plastic deformation. 21 Tong et al. studied the annealing treatment effect on the structure and mechanical properties of nanocrystalline a-iron and relevant mechanisms. 58 Their results showed that the annealing treatment produced various defects, enhanced ductility, and strengthened the nanocrystalline a-iron by reducing dislocation emission sources. The oxide defects on the Fe NW free surface drastically alter the existing homogeneity as well as symmetry of the pure Fe NWs; furthermore, the concentration of structural defects in the oxide shell layer is relatively higher than that in the pure Fe NW. 20, 21 Consequently, a greater number of active sites on the free surface are introduced by the oxide defects, resulting in the shift in the stress concentration to these oxide imperfections. These defect sites are more active and more sensitive to all stresses below the ideal strength, especially for metallic NWs, and increase the likelihood of emission of partial dislocations, which assist in the reduction of tensile yield stress and strain. 50, 59 Therefore, increasing oxide thickness layer reduces the activation barriers for the initial emission of partial dislocations, as well as overall yield strength required to conduct plastic deformation. This phenomenon has been explained in terms of various mechanisms, such as thermal strength, dislocation nucleation activation parameters, and kink formation energy. 61, 62 Usually, activation parameters, including the activation energy and activation volume, are used quantitatively to identify surface dislocation sources based on the kinetic rate theory. 21, 61 Zhu et al. pointed out that the activation energy and activation volume quantitatively depend on temperature and nucleation stress, as well as NW geometry, due to the long-range elastic interaction, which is coupled with the image effects of the free sample surface. 51, 61 Sen and colleagues also demonstrated that the activation volume of the oxide Al NWs for dislocation nucleation depends strongly on the nature of the oxidized interface structure (Al/ Al x O y ). 21 In this work, the estimated dislocation nucleation activation volume for oxidized Al NWs was found to be $4 times greater than that of the pure Al NW. As a result, Al NWs with the thinner oxide layer are more easily deformed. These results may explain why the initial defect nucleation opportunity from the oxide defect surface is enhanced, i.e., justify the observation that a thicker oxide shell layer reduces energy barrier, and increases the potential for initial partial dislocation to occur. Thus, while the complete link between the onset of plastic deformation and surface oxide defects remains elusive, their correlation can be described in terms of the kink-pair formation mechanism. To analyze quantitatively the onset of the plastic deformation process, possible explanations may be related to surface effects and the kinkpair formation energy, which is particularly relevant for the present work. The kink formation energy is calculated at $0.0256 eV and $0.0002 eV by using the Nose/Hoover isobaric-isothermal ensemble (NPT) under zero stress condition at room temperature for the cylindrical pure and oxidecoated Fe NWs, respectively. 47 The significant difference between the kink formation energy values pertaining to pure and oxide-coated Fe NWs may probably provide a reasonable explanation for the difficulty associated with the initiation of partial dislocations on the free surface of pure Fe NW compared to the oxide-coated Fe NWs. The kink formation energy is strongly dependent on the oxide shell layer, whereby oxide defects reduce the kink-pair formation energy but increase the onset of plastic deformation mechanism. Consequently, oxide-coated Fe NWs can easily start plastic deformation on the corresponding slip plane. Using MD simulation, the kink formation energy for 1 = 2 {1 21}h111i dislocations in bulk Fe, which depends on the dislocation character and geometry, was found to be 0.15 eV under zero stress conditions at temperatures below 300 K. 62 Theoretical analyses conducted by applying kink-pair nucleation models for Fe indicate that slip activation occurs predominately on the {112} planes. 62 The kink formation energies for the 1 = 2 {011}h111i and 1 = 2 {112}h111i edge dislocations in Fe are estimated at 0.05 eV and 0.04 eV by using the MD simulations method, respectively. 63 Our systematic study, combined by oxidation of Fe NWs, provides useful quantitative information to fully realize their latent mechanical strength under tensile loading, understand nanoscale mechanical deformation mechanisms and related properties in terms of the individual contribution of the oxide shell layer thicknesses superimposed on the cylindrical metallic Fe NWs. Our results not only confirm the importance of the surface oxide defects for controlling the mechanical properties of metallic Fe NWs but also indicate that their mechanical tensile strength can be manipulated through careful tailoring of the oxide shell layer.
V. SUMMARY AND CONCLUDING REMARKS
In this work, we focused on determining the dependence of native oxide layers on the complex mechanical tensile deformation process, calculating related properties, discussing plastic yielding behavior and kinetics, and capturing atomistic level details for the local structure of the oxide shell layer using the ReaxFF potential model. The effect of native oxides has been found closely linked with their mechanically induced chemical reactions, which are associated with metallic Fe corrosion and play critical roles in controlling mechanical tensile deformation mechanisms and related properties that may be tested experimentally. The surface oxide defect on the Fe NW surface enhances the dislocation yield from the free surface, i.e., the thicker the oxide shell layer, the higher the nucleation opportunity for initial partial dislocations. Beyond initial dislocation emission, the extended defects, such as the dislocation escape velocity, can be controlled by native surface oxide defects. In particular, the unique features of the oxide shell layers result in the reduction in the CRSS acting on the {112}h111i-glide plane, which affects the partial dislocation migration speed. The ductility associated with the complex twinning-dominated mechanochemical deformation mechanism is dependent on collective creation and motion of the partial dislocation process, as well as lattice and surface reorientation, which are restricted between its existing internal twin boundaries. Moreover, pure Fe NWs have a higher critical strain and stress for initial nucleation of dislocations than their oxide-coated counterparts; hence, oxide defect sites reduce the initial defect nucleation activity. As a result, the formation, growth, and propagation of twins in the pure and oxide-coated Fe NWs are qualitatively very similar irrespective of the oxide form. In other words, they require large initial maximum critical stress to nucleate the partial dislocation, followed by twinning migration that requires much lower stress. Our study has a significant practical value, as it enhances the current understanding of the mechanical tensile deformation process and related properties of the Fe NWs as a function of oxide layer thickness.
SUPPLEMENTARY MATERIAL
See supplementary material for the number density profile for oxygen and iron atoms along the radial direction (Figure 1 ). When the O atoms penetrate through the Fe NW, the Fe atoms migrate in the opposite direction to form and thicken the dense oxide shell layer, which causes the increase of the average oxygen number density within the developing oxide shell layer. Figure 2 shows the close perspective view of the twinning evolution in the oxide Fe NW.
